The network of cytoskeletal protein which lines the cytoplasmic face of the erythrocyte membrane is believed to control the shape and deformability of the cell (for review see Branton et al., 1981) . It has been proposed (Lux, 1979) that intrinsic defects in cytoskeletal components may lead to abnormalities in cell shape, and some evidence supports this view. For example, dimeric spectrin prepared from erythrocytes of patients affected with hereditary elliptocytosis and hereditary pyropoikilocytosis exhibit a reduced ability to form tetramers and higher oligomers both in solution and on the membrane (Liu et al., 198 1a, b) . This reduced ability of spectrin to self-associate may result in a membrane abnormally rich in spectrin dimers rather than tetramers with resulting cytoskeletal instability. In the case of hereditary pyropoikilocytosis, a proteolytic fragment from the terminus of the spectrin a chain (band 1), thought to be involved in the interaction site between dimers, had a peptide map which was Abbreviations used: HS, hereditary spherocytosis;
Hepes, 4-(2-hydroxyethyl)-1-piperazine-ethanesulphonic acid; SDS, sodium dodecyl sulphate. different from the same fragment from the normal polypeptide (Knowles & Marchesi, 1982) .
HS is another example of a shape defect in erythrocytes and recent research has focused on the role of the cytoskeleton in this disease. Wolfe et al. (1981) concluded that approx. 40% of spectrin is defective in some HS kindreds and cannot bind to the spectrin-binding protein band 4.1. Goodman et al. (1981) also proposed a defect near the N-terminal end of the spectrin ,B chain which caused a 50% reduction in its ability to bind band 4.1, but such behaviour was found in only a subset of HS patients. Taken together these observations suggest that the HS population may be heterogenous and consist of several perhaps distinct subgroups.
Our previous studies have shown that spectrin and actin dissociate more slowly from HS ghosts than from normal ghosts in low-ionic-strength media (Hill et al., 1981) . We have now extended our study to 12 HS families and all have shown this consistent abnormality. Membrane cytoskeletons prepared by extraction of HS ghosts with Triton X-100 also dissociate more slowly than normal cytoskeletons in low-ionic-strength media. Reconstitution and crossVol. 211 over experiments which measure the binding of spectrin/actin to spectrin/actin-depleted vesicles from HS and normal cells have established that the defect does not reside in the spectrin/actin fraction, but rather in components of the membrane which interact with spectrin/actin. To characterize further this defect in HS membranes we have used low shear falling ball viscometry (Fowler & Taylor, 1980) to examine in vitro interactions between spectrin, actin and a fraction rich in the two spectrin-binding proteins, bands 2.1 (ankyrin) and 4.1. The calcium dependence of this interaction has also been studied and is compared with the calcium dependence of the dissociation of spectrin/actin from ghost membranes.
Experimental

Reagents
Dithiothreitol was from Calbiochem. Bovine serum albumin, agarose (grade III), EGTA, ATP, phenylmethanesulphonyl fluoride and Hepes were from Sigma. Bio-Gel A-iSm was from Biorad. All other reagents were analytical grade. Rabbit muscle acetone dried powder for the preparation of actin was generously supplied by Dr. C dos Remedios.
Methods
Selection of HS patients. Patients from five different families were diagnosed as having HS as previously described (Hill et al., 1981) . All but one were post-splenectomy and had normal reticulocyte counts; all had increased red cell osmotic fragility.
Preparations. Fresh venous blood from normal or HS subjects was collected into heparinized tubes. Erythrocyte ghosts were prepared by hypo-osmotic lysis as described previously (Hill et al., 1981) . Spectrin tetramers were prepared by the method of Cohen & Foley (1980) , which minimizes contamination of the preparation with band 4.1. This method involves separation of spectrin dimers from the void volume peak on a column of Bio-Gel A-15m, conversion of the spectrin dimers to tetramers and the rechromatography of the tetramer material on the same column. The tetramer peak was concentrated by ultrafiltration and dialysed exhaustively against a buffer of 20mM-Hepes/0.5 mM-ATP/0.5 mM-dithiothreitol, pH 7.0 (buffer A).
Actin was isolated from rabbit muscle acetone dried powder essentially by the method of Spudich & Watt (1971) . The preparation was dialysed against buffer A above and stored at 40C in the G form.
A preparation containing bands 2.1 and 4.1 was prepared by high-salt extraction of spectrin-depleted erythrocyte vesicles. Ghost membranes were incubated under iso-osmotic conditions (5 mM-Hepes/ 150 mM-NaCl, pH 7.6) for 20min to remove the majority of band 6 (Fairbanks et al., 1971) . After removal of spectrin/actin at low ionic strength, the vesicles were incubated in 5mM-Hepes/150mM-NaCl/0.8 M-KCI/0. 1 mM-dithiothreitol/3 mM-phenylmethanesulphonyl fluoride (pH 7.6) to dissociate bands 2.1 and 4.1 (Tyler et al., 1979) . The suspension was centrifuged to separate the membrane residue and the resulting crude mixture of bands 2.1 and 4.1 in the supernatant was dialysed against buffer A. The relative amounts of 2.1 and 4.1 in this mixture were determined by SDS gel electrophoresis and densitometric scanning of the Coomassie Blue stained gel followed by cutting and weighing of the respective peaks.
Erythrocyte shells were prepared by the extraction of ghosts with Triton X-100 under high salt conditions (Sheetz & Casaly, 1980) . Ghosts were incubated on ice for 30min in a buffer consisting of 1.2 M-KCl/20 mM-Hepes/2 mM-glutathione/0.5 mMMgCl2/1 mM-EGTA/0.05 mM-CaCl2 and 2% (w/v) Triton X-100 (pH7.0). The shells were sedimented at 23 600g for 20min and washed twice in 24 mmKCl/4 mM-imidazole (pH 7.6) .
Dissociation of shells. The time course of the dissociation of shells at low ionic strength was followed using a procedure similar to that described for the dissociation of cytoskeletons (Hill et al., 1981) . Shells (approx. 5mg of protein/ml) suspended in 24 mM-KCl/4 mM-imidazole (pH 7.6) were diluted 20-fold into 0.1 mM-EDTA. The kinetics of this process were followed by separating soluble protein from insoluble residue by centrifugation in an air-driven ultracentrifuge at 150000g for 30s at 40C.
Viscosity measurements. Apparent viscosities were measured with a low shear falling ball viscometer similar to that described by Griffith & Pollard (1978 sedimented in an air-driven ultracentrifuge (I50000g for 30s at 40C) and 100,1 was removed for protein analysis. The centrifugation procedure including relevant controls has been described in detail previously (Hill et al., 1981) .
Other methods. Protein concentrations were determined by the method of Lowry et al. (1951) or by the dye-binding method of Bradford (1976) , using bovine serum albumin as the standard. SDS gel electrophoresis was carried out in composite gels of 2.5% acrylamide and 0.3% agarose (Peacock & Dingman, 1968; Palek & Liu, 1979) . Gels were stained with Coomassie Blue and densitometric traces were made at 525 nm with a Gelman scanner.
Results
Spectrin/actin dissociates more slowly from HS ghosts and cytoskeletons than from normal preparations suspended in low ionic strength media (Hill et al., 1981) . The following experiments were designed to determine if erythrocyte shells showed similar behaviour.
Solubilization ofHS and normal shells
The time-dependent solubilization of shells at low ionic strength is detailed in Fig. 1 which shows a slower dissociation of the HS compared with the normal preparation [t4= 111+15 and 136+9 (±S.D.)min for normal and HS shells, respectively]. The dissociation of normal and HS shells reach plateau levels by 400min at 230C. These shells are prepared by the extraction of ghosts with Triton X-100 under relatively high salt conditions (Sheetz & Casaly, 1980) , and are composed of spectrin, actin and bands 4.1 and 4.9, but are devoid of band 2.1 as shown by the densitometric scans of SDS/ polyacrylamide electrophoresis gels (Fig. 2) been previously demonstrated that band 4.1 is responsible for this viscosity increase (Fowler & Taylor, 1980) . For this reason the viscosity plotted in Figs. 3 and 4 is correlated with the concentration of band 4.1 determined from densitometric scans of SDS electrophoresis gels for the crude 2.1/4.1 mixture extracted from spectrin-depleted vesicles at high salt concentration (Fig. 1) . A substantial increase in viscosity occurs at band 4.1 concentrations greater than 6-10,ug/ml, a value similar to that found previously for purified band 4.1 preparations (Fowler & Taylor, 1980; Cohen & Korsgren, 1980) . A major finding was that the 2.1/4.1 preparation from HS cells increased the viscosity of the mixture more than the same preparation from normal cells (Fig. 3a) . This comparison between 2.1/4.1 preparations from HS and normal cells was extended to five HS subjects from different families (Figs. 3a-3c,  Fig. 4a ). Some variability was observed between experiments. For example, for the HS versus normal comparison in Fig. 3(b) , the increases in viscosity with band 4.1 concentration were relatively small, whereas for the comparison in Fig. 4(a) , the increases were substantial. Indeed the addition of the HS 2.1/4.1 extract from patient 8 caused gellation of the mixture at band 4.1 concentrations greater than 6,ug/ml, and no movement of the rolling ball in the capillary was possible even when the capillary was placed in the vertical position. In all cases the viscosity of the HS sample was more than double compared with the control at the highest band 4.1 concentration used.
Tetrameric spectrin isolated from normal cells was used in the viscosity experiments described above. Similar results were also obtained when tetrameric spectrin isolated from HS cells was used (Fig. 4b) , again demonstrating that the differences observed were intrinsic to the 2.1/4.1 extract rather than to the spectrin itself.
Calcium dependency ofviscosity
The viscosity of the spectrin/actin/4.1 mixture is extremely sensitive to the calcium concentration, being optimal at 3.2 x 10-8M and falling away at higher and lower concentrations (Fowler & Taylor, 1980) . It is not known which protein species confers the calcium sensitivity. To examine this problem, we compared the effect of calcium on the viscosity of spectrin/actin mixtures with its effect on mixtures of spectrin, actin and the 2.1/4.1 preparation (Fig. 5 ). Band 4.11 (ug/ml) Fig. 3 . Effect ofband 4.1 concentration on viscosity ofspectrinIG-actin mixtures Rabbit G-actin (1.5 mg/ml final concentration) was mixed with normal spectrin tetramer (0.28 mg/ml) and varying amounts of either normal (0) or HS (0) band 2.1/4.1 mixture. The amount of band 4.1 in the mixture was determined as described in the Experimental section. The assay mixture contained 20mM-Hepes, 50mM-KCI, 0.5mM-dithiothreitol, 5mM-EGTA and 0.2mM-CaCl2 (pH7.0). The concentration of free Ca2+ was calculated by using an association constant of 4.79 x 106M-1 (Amos et al., 1976 ). The 2.1/4.1 fraction mixed with G-actin and normal spectrin tetramer was incubated at 32°C for 4h and the viscosity was determined as described in the Experimental section. The numbers refer to individual donors. Calcium dependence of spectrin/actin dissociation from ghost membranes Spectrin, actin and some band 4.1 is dissociated from erythrocyte ghosts at low ionic strength, an effect which is inhibited by low calcium concentrations (0.2mM). It was therefore of interest to determine if the calcium dependence of the spectrin/ actin interaction revealed by the viscometric studies (Fig. 5 ) might be related to the calcium inhibition of spectrin/actin dissociation from the ghost membrane. The calcium dependence of this latter effect was examined by the addition of EGTA to ghost suspensions, thereby reducing the calcium concentration to a level determined by the Ca2+-EGTA stability constant. The dissociation of spectrin/actin was allowed to proceed for 180 min at 230C at which time the membrane vesicles were sedimented in an Airfuge and the amount of protein in the supernatant determined. The results are shown in Fig. 6 for HS and normal membranes. The normalized data (Fig. 6, inset) show a pCa value of 5.5 for half-maximal dissociation. This calcium concentration is much higher than that which is optimal for increasing the viscosity of spectrin/actin mixtures. As we have observed previously (Hill et al., 1981) , significantly less spectrin/actin is dissociated from the HS membrane than from the normal membrane.
Vol. 211 . Calcium dependence of viscosity assays for mixtures ofspectrin and actin in the presence and absence ofnormal or HS 2.1/4.1 Rabbit G-actin (1.5 mg/ml final concentration) and normal spectrin tetramer (0.12 mg/ml) were incubated either in the absence (0) or presence of normal (U, 6.1 pg/ml) or HS (0, 6.3 pg/ml) band 4.1. The amount of band 4.1 was determined as described in the Experimental section. The free concentration of Ca2+ was varied by addition of EGTA (0-10mM) to the assay buffer consisting of 20mM-Hepes, 50mM-KCl, 0.5 mM-dithiothreitol and 0.2 mM-CaCI2, pH 7.0. The viscosity was determined after incubation for 4h at 320C.
Discussion
The interactions of cytoskeletal proteins with themselves and with the membrane seem to control the shape and deformability of the erythrocyte (Lux, 1979; Gratzer, 1981) . Our experimental approach has been to use assays which reflect interactions amongst the structural proteins of the membrane to search for those which might be defective in the HS condition. We have reported previously altered binding of spectrin/actin to membrane vesicles and shown that this is due to a defect in the membrane itself rather than in the spectrin/actin fraction. Bands 2.1 and 4.1 have been identified as spectrin receptors in red cell membrane vesicles (Bennett & Branton, 1977) . Band 2.1 (ankyrin) provides a bridge between one end of the spectrin heterodimer and a transmembrane protein (band 3), whilst band 4.1 binds to the opposite end of the spectrin dimer and cross-links the spectrin/actin/4. 1 ternary complex (Bennett & Stenbuck, 1979; Luna et al., 1979; Tyler et al., 1979; Ungewickell et al., 1979) . The slower dissociation of spectrin/actin from HS ghosts at low ionic strength is paralleled by the slower solubilization of HS shells and cytoskeletons also at low ionic strength (Hill et al., 198 1, and Fig. 2 of the present work). Band 4.1, but not band 2.1, is a common component of shells and cytoskeletons, and the evidence therefore suggests that band 4.1 may be responsible for altered interactions amongst the structural proteins of the spherocytic cell membranes. We have therefore directed our attention to the high-ionic-strength 2.1/4.1 extract as being the potentiator of the HS defect.
Falling ball viscometry has proved particularly useful for studying the interaction of spectrin, actin and band 4.1. The addition of spectrin tetramer to G-actin under conditions which polymerize actin leads to a significant increase in viscosity which is not observed when heat-denatured spectrin is used in the mixture (Cohen & Korsgren, 1980) . The inclusion of band 4.1 in this mixture further increases the viscosity, resulting in a thixotropic gel. The 2.1/4.1 extract from HS cells is more effective in increasing the viscosity of spectrin/actin mixtures than is the same extract from normal cells. The variations observed in the five experiments (Figs. 3 and 4) suggest some variability in the protein preparations used (spectrin, actin and the 2.1/4.1 extract). Spectrin (band 2), actin (band 5) and bands 2.1 and 4.1 are all phosphorylated proteins (Plut et al., 1978) . The phosphorylation of spectrin does not affect its interaction with membrane vesicles (Anderson & Tyler, 1980) , but the effect of phosphorylation of other components on their interactions remains uncertain. The experiments of Pinder et al. (1979) suggest that phosphorylation can modulate spectrin/actin-4.1 interactions, whereas Brenner & Korn (1979) found no effect of spectrin phosphorylation on the spectrin/actin interaction. The degree of phosphorylation of individual cytoskeletal proteins depends on the balance of phosphorylase and phosphatase action within the cell, and it is known that protein phosphate is labile during protein isolation. In spite of the variations between experi-ments, the band 2.1/4.1 preparation from HS cells was consistently more effective in increasing the viscosity of spectrin/actin mixtures than was the same preparation from normal cells. It is probable that band 4.1 is the major determinant of this response, since the dependence we observe for the crude 2.1/4.1 mixture (Figs. 3 and 4) is similar to that for pure band 4.1 preparations (Fowler & Taylor, 1980; Cohen & Korsgren, 1980) . Nevertheless, it is possible that the presence of band 2.1 modifies the band 4.1 response in a secondary and as yet unknown manner.
The functional evidence therefore points to band 4.1 as being defective in HS cells, but this will need to be verified by chemical analysis. Whether there is a difference in phosphorylation or primary sequence remains to be determined. Recently, band 4.1 has been resolved into two sequence-related proteins, bands 4.1a and 4.1b (Goodman et al., 1982) , by SDS gel electrophoresis using the buffer system of Laemmli (1970) . It is not known if these proteins are equally effective in cross-linking actin, but we have not detected a difference in the ratio of these bands in HS and normal ghosts.
A number of investigators have examined the phosphorylation of membrane proteins in HS and normal red cells (Greenquist & Shohet, 1976; Zail & Van den Hoek, 1975; Wolfe & Lux, 1978) . The most recent work by Thompson & Maddy (1981) has shown that the phosphorylation of band 2 relative to that of band 2.1 is reduced in HS cells. However, the relatively small amounts of band 4.1 present precluded any quantitative conclusion as to its phosphorylated state. We have also found that the absolute amount of phosphate in the soluble spectrin/actin fraction is less for HS than for normal cells, although our assay has not distinguished protein phosphate from nucleotide phosphate (Y. Sahlestrom & G. J. Howlett, unpublished work).
However, evidence suggests that the phosphorylation state of spectrin is not important in its interaction with actin or with the membrane (Anderson & Tyler, 1980; Brenner & Korn, 1979) .
The increase in viscosity observed with the use of HS band 2.1/4.1 preparations suggests increased affinity between band 4.1 and spectrin/actin. We have shown previously (Hill et al., 1981) that spectrin/actin binds with higher affinity to HS compared with normal membrane vesicles, although the apparent number of binding sites is decreased 50% for the HS membranes. The increased affinity (and viscosity) is consistent with the observed lack of deformability of HS cells (Murphy, 1967; LaCelle, 1970) and the decreased rate of dissociation of spectrin/actin from the membrane (Hill et al., 1981) .
The interactions between spectrin, actin and band 4.1 are known to be very sensitive to calcium. This calcium sensitivity seems to be a property of the spectrin/actin system since the calcium dependence is similar in the presence and absence of the band 2.1/4.1 extract (Fig. 4) . Thus the role of band 4.1 is to cross-link the spectrin/actin network rather than to provide calcium sensitivity and there is no support for the contention that the association of spectrin with band 4.1 provides the locus for the calcium sensitivity (Cohen & Korsgren, 1980) . The bellshaped form of the calcium dependence (Fig. 4) (Beaven & Gratzer, 1980) , and the calcium binding site on actin is comparatively weak (KA-5x 10OM-1). Low concentrations of calcium are known to inhibit actin polymerization (Maruyama, 1981) , and it remains possible that the profile depicted in Fig. 5 is determined by the effects of calcium on actin assembly rather than by direct involvement of calcium in cross-linking.
The calcium dependence of the dissociation of spectrin/actin from HS and normal membranes (Fig. Vol. 211 6) occurs with an apparent pCa of 5.5, which is similar to that found by Baskin & Langdon (1981) for the activity of a spectrin-dependent (Ca2++Mg2+)-ATPase of erythrocyte membranes which is lost by the dissociation of spectrin from the membrane. It appears therefore that the calcium sites which control the dissociation of spectrin/actin from the membrane (pCa = 5.5) are distinct from those which control the interaction of spectrin with actin (pCa 7). However, neither of these calciumbinding sites appears to be involved in the defect of hereditary spherocytosis, which seems to result from a defective interaction involving band 4.1.
